Abstract: Quantum radar offers the prospect of detecting, identifying, and resolving RF stealth platforms and weapons systems, but the corresponding quantum radar cross section (QRCS) simulation is restricted-almost all existing methods can only be used for the twodimensional (2-D) targets, not the 3-D targets even for convex targets. We propose a novel method that can deal with the calculation of the orthogonal projected area (A ⊥ ) of the target in each incidence, which is the key part of QRCS simulation for the arbitrary 3-D convex target. To the best of our knowledge, this has not been reported before. In this paper, we introduce a three-step computation process of (A ⊥ ), and verified the method for typical 2-D targets. Finally, we show some results for typical 3-D convex targets and compared the QRCS with classical radar cross section (CRCS). Meanwhile, we analyze the superposition of quantum effect of side lobes for 3-D convex targets. The proposed method provides a key improvement for realizing the universalization and utilization of QRCS calculation.
Introduction
Quantum radar has emerged as an intriguing theoretical concept with promising theoretical and experimental results. In recent years, quantum radar technology [1] - [4] appeared, which could be supposed to improve the target detection and identification performance. Hopefully, this new technology has potential applications in the military field, such as the detection of stealth targets, space exploration, planetary defense and microstructure discovery [1] . In practice, the detected targets always present relatively intricate geometries that will reflect the incident photons on a complex pattern. In order to obtain better understand the performance of quantum radar, analogous to the classical radar cross section (CRCS), the concept and expression of the quantum radar cross section (QRCS) have been introduced by M. Lanzagorta [4] . (1) whereÎ i andÎ s are the incident and scattered energy density of photons, respectively. r s , r d are the positions of the transmitter and the receiver, and R is the range from the quantum radar to the target. In the field of quantum radar applications, the Rayleigh scattering should be the main process that characterizes the interaction between the radar and target which is described by using fundamental QED [1] . In order to expediently carry out the numerical calculation for the targets, he has ignored the absorption effect which means no loss of energy during the scattering process of photons by atoms and the diffraction effect when the wavelength of the photon is small in comparison to the sizes of the targets, namely high-frequency approximation. Then, based on the above assumptions, he has taken the lead in deriving some useful computational expressions and publishing some simulation results of simple two-dimensional (2D) targets, such as rectangular plates. Afterwards, for the sake of raising the efficiency, M. J. Brandsema has simplified the expressions and given more simulation results about 2D targets [5] , such as the flat circular, triangular and irregular plates. In his paper, he has proposed that a single "atom" for simulation represents a larger cluster of actual atoms around it due to the fact that the phase difference between the scattering by the atoms in this cluster is negligible. So, the simplified expression of QRCS for the case of the single-photon in the quantum radar pulse is given.
where A ⊥ (θ i , i ) is the the orthogonal projected area of the target in each incidence, N is the total number of illuminated atoms on the object's surface, k i and k s are the incident and scattered wave vectors of the photon, x n is the position of the nth illuminated atom on the object's surface, θ i and i are the incident angles of the photon impinging on the target and θ s and s are the scattered angles. As for the monostatic case,
However, due to the complexity of A ⊥ (θ i , i ) of three dimensional (3D) targets, there is a little work has been done about the QRCS simulation of 3D targets, even in the special cases. Among that, M. Lanzagorta has derived the analytical solution of spherical targets by using the spherical symmetry [4] . Besides, Kang Liu has shown the QRCS curves for a hollow semi-cylinder surface and for the corner reflectors by using the special cosine and sine relation of A ⊥ (θ i , i ) [6] , [7] . Meanwhile, the similar progress has been done by Chen Kun [8] . Moreover, some other researchers have even developed alternate expressions, approximations and algorithms of QRCS with a view to decreasing the computational complexity [9] - [14] , or to extend the analyses more easily to more complicated cases [15] . Moreover, if the problem on A ⊥ (θ i , i ) is not solved, the QRCS simulation will be still only in the stage of 2D targets so that it is hard to realize the universalization and utilization. In addition, the typical stealth targets always have prominent the convex appearance characteristics without the concave structure so that they could be reduced the scattering wave back to the monostatic radar. In the similar case, the single scattering, or single bounce, usually is the primary in quantum radar scattering. Similarly, the QRCS simulation for the single scattering from the 3D convex targets should be the first and great problem for the practical use of QRCS simulation.
In this study, aiming at the monostatic QRCS simulation problem of 3D convex targets, we have proposed a calculation method that can deal with single scattering. By getting a breakthrough in key technologies solutions to the A ⊥ (θ i , i ), we have achieved the primary calculation capacity for QRCS for arbitrary 3D convex targets with single scattering. Then, we have utilized the simulation results for 2D targets in previous work to verify the validation of the method. Finally, we presented the simulation results for some typical 3D targets and gave the analysis between their QRCS and RCS.
Computation of the Orthogonal Projection Area
Firstly, let's take into account how A ⊥ (θ i , i ) is changing based on the viewing angle for each target of interest. For the 2D flat objects, A ⊥ (θ i , i ) should be zero at the extreme angles. This can be modeled satisfactorily by the following expression: A ⊥ = A ⊥max |cosθ|, where A ⊥max is the cross sectional area of the object at normal incidence, and θ varies between −π/2 and π/2. The absolute value ensures that the projected area is always positive. However, we could not find the similar universal analytical expression for 3D targets, even for 3D convex targets. So, we have to use the numerical method to get the A ⊥ (θ i , i ) in each incidence for 3D convex targets.
In order to solve this problem, the following assumptions are made.
r atom cluster: A single "atom" for simulation represents a larger cluster of actual atoms around it due to the fact that the phase difference between the scattering by the atoms in this cluster is negligible.
r surface contribution: We assume that the atoms contributing the most to the response are the atoms on the surface. In addition, there are only the atoms in the illumination region that can be involved.
r ignore absorption and diffraction effects: As for the idea target which behaves like the photodetector, it is reasonable to ignore the absorption effect. However, diffraction effect usually is not the main scattering contributor for the targets.
r ignore multiple reflections: As for the convex targets, it does make sense basically.
Then, follow the steps outlined below. 1) Projection: Have all vertices x n on the surface of the object made a projection on the plane that k vector is the normal, and get the coordinates of the projection points.
3 ) * P , P denotes the matrixes of projection transformations. 2) Rotation: With the twice coordinate system rotation transformations, we can transform our coordinates to the plane of A ⊥ (θ i , i ) so that we can get the 2D coordinates of the projection points which means z components are zero.
R denotes the matrixes of rotation transformations. 3) Triangulation: Use the Delaunay Triangulation class in Matlab to create a 2-D triangulation
from a set of projection points with 2D coordinates, then get the vertices of the convex hull, and finally obtain the area of the A ⊥ = p j=1 s j . We can assume there will be p triangulars s in this convex region. Further processing is thus required in order to remove the contribution of the vertices in shadowed parts. The identification of illuminated and shadowed regions, on the geometrical model of the target, is not a very difficult but a key step in the simulation. It's the common technology in the simulation of CRCS. Therefore, it will not be introduced here.
Simulation Results and Discussion
Once we deal with the calculation of A ⊥ (θ i , i ), we can do our QRCS calculation for the cases of illumination for both single and multiple photons which can simply exponentiate the summation to a power equal to the number of photons. For the sake of simplification, we will only show the cases with single photon incidence in this paper.
The Verification for 2D Target
In this section, the results of 2D targets discussed previously will be simulated and compared. We first start by simulating a rectangular plate's response to verifying the method. For comparison, the wavelength of the incident photon should be in accordance with [5] which means the size has 4 wavelengths. Unless stated, the following simulation results are the same setup of incidence: Fig. 2 shows the QRCS response of a rectangular plate with the side of 1 m illuminated with a 0.25 m wavelength photon. Then, just as we did in the rectangular plate case, we show the QRCS simulated results of a triangular plate with the base of 1 m and height of 1 m illuminated with a 0.25 m wavelength photon in Fig. 3 .
Compared with the available results [5] , they coincide better with the data of related literature. In addition, the quantum interference effect (green circles) is clear in the sidelobe structure [4] that only less a |cosθ| compared with the expression in CRCS. 
The Simulation and Analysis for Some Typical 3D Convex Targets
In this section, we will show the results of some 3D convex targets and compare them with the CRCS results. We will use the physical optics (PO) by the electromagnetic computing tool (FEKO) to calculate the CRCS data. In [4] , [5] , they gave a classical analytical solution σ Q sphere = πr 2 , but there are little numerical results about the sphere presented in the documents. Here, we presented a numerical result for the sphere with the radius of 0.1 m illuminated with a 0.04 m wavelength photon which means the size has 5 wavelengths. The geometry of a cube and illuminated region at θ = 90
• are shown in Fig. 6 . From the Fig. 5 , we can see that there is only less than 0.005 dB difference between simulation and theory results which should be 15 dBsm.
Next, we will show the pictures for both the QRCS and CRCS for a cube with the side of 1 m illuminated with a 0.25 m wavelength photon which means the side has 4 wavelengths. According to the analytical expression for the rectangular plate in [4] , σ Q Max rec = 4πa 4 /λ 2 , a denotes the side of the cube, the peaks at θ = 0°and 90°should be about 23 dBsm which QRCS values exactly are in the Fig. 7 . Those have verified the accuracy of the method to some extent also. As we know, for the 2D target, such as the rectangular or triangular plate, the larger pitch angle is, the more obvious the quantum effect of side lobes does. Although, for the 3D targets, as we can observe, the quantum effect from each plate could be superposed and almost reach the larger difference near in the central angular domain, such as 45°nearby for the cube, on the trend.
Finally, we will show the curves for both the QRCS and CRCS for a pyramid with side of 0.25 m and height of 0.2165 m illuminated with a 0.03 m wavelength photon which means the size has 7∼8 wavelengths. The geometry of a pyramid and illuminated region at = 90°are shown in Fig. 8 . In this case, we can see the similar trend in the contrast between QRCS and RCS in the Fig. 9 . Similarly, we can use the expression for the triangular plate to verify the peak at θ = 60
• . The main lobes are almost the same while the side lobes of QRCS are larger than those of RCS. Obviously, the improvement of side lobes has realistic meaning for detection. As a result, it may mean that quantum radar has the more potential to detect the target with small detection probability for the 3D targets than that for the 2D targets when a single scattering was considered.
Conclusion
In summary, we have proposed a method to cope with the bottlenecked problem in QRCS simulation for 3D convex targets. In essence, with the three steps of projection, rotation and triangulation, we can calculate the orthogonal projected area of arbitrary 3D convex targets. Subsequently, our simulation results have shown that for the typical 2D targets, such as rectangular and triangular plates, the simulation data are in good agreement with the results in previous work; for the typical 3D convex targets, such as the sphere, cube, and pyramid, the QRCS results are comparatively reasonable. In addition, we have also discovered the superposition of the quantum effect in side lobes for those 3D convex targets which may mean the single-photon quantum radar has the more potential to detect the target with small detection probability for the 3D targets than that for the 2D targets. Moreover, it should be noted that our study has used a theoretical construction that does not take the diffraction effects and creeping waves into account. More detailed study on the case of diffraction effects and experiment for verification is left for future work.
